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Overview

Timeline

 Started in 2018 VTO AOP Lab Call
— AOI-1E: Low Temperature

Emissions Control (Heavy Duty)

* Year 2 of 3-year
— Start Date: Oct. 1, 2018
— End Date: Sept. 30, 2021
— Percent Complete: 53%

Budget

 1:1 DOE:Cummins cost share

* FY20 DOE Funding: $450k
— DOE share: $450k
— Cummins share: $450k (in kind)
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Barriers

* From 215t CTP Research Blueprint:
— Emission control cost
— Low-temperature emission control
— Robustness in real-world application
* From U.S. DRIVE Roadmap:

— Low-temperature emission control
— Compliance via Real Driving Emissions (RDE)
— Emissions control durability

Partners
e ORNL & Cummins Inc.
e Johnson Matthey (participant)
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Milestones

FY Qtr Milestone & Objectives Status
2019 4  Assembled data from protocol experiments on DeGreened commercial catalyst complete
2020 2 Develop and tune a detailed half-cycle model complete
2020 4  Assemble data from protocol experiments on FA commercial catalyst on track
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Responses to 2019 Review Comments

%OAK

Recommend to look at sulfur poisoning and high temperature ageing on Ci
— The field-aged sample has sulfur and hydrothermal ageing

Include more characterization for directing project & reference ageing literature

— We have included additional (NH,-TPD, DRIFTS, EPR from literature, NO+NH3 titration) characterization
performed at Cummins and insights from the literature, and used these to guide model development.

— Scheduled H,-TPR to quantify Cu using ORNL’s new Micrometrics AutoChem Il 2920 reactor

Need to consider impacts of oil poisons, EGR fouling byproducts, PGM poisons, and thermal
ageing when studying field-aged samples

— Cummins has provided a representative field-aged sample

— Project will focus on the critical application-relevant Hydrothermal and Sulfur aging components

Recommend to include a sensor and catalyst supplier
— Sensor insights are procured through Cummins’ in-kind contributions
—Johnson Matthey is a project participant

Need more modeling resources
— Saurabh and Rohil are leading multiple coordinated modeling teams focused on the CRADA objectives
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Collaborations and Coordination

e ORNL. Bill Partridge (ORNL PI)

OAK RIDGE

e Cummins: Saurabh Joshi (Cummins PI)
National Laboratory

e Johnson Matthey: Howard Hess (JM Lead)
— Formally included in CRADA and Project documentation

Teamwork & Roles

ORNL Cummins Johnson Matthey
» Diagnostics * Modeling * Model catalyst
* Measurements <« Field ageing samples
Joint
* Planning
* Results interpretation
* Monthly+ telecons

JM Johnson Matthey

e Interactions with technical community Inspiring science, enhancing life

— 5 Presentations (3 invited)
— 1 Technical report
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Key Challenge Addressed by Project

* Improving Durability of urea-SCR catalysts in Heavy Duty engine applications

* Project focuses on understanding Field-Ageing process and impacts

— Impact on SCR reaction network & kinetic parameters

— Improved models
— Improved design & control models
— Improved durability through better SCR through-life performance

— Methods for synthetic field ageing
— Hydrothermal ageing does not represent field ageing

— Improve catalyst performance & durability under Real-World Driving Conditions
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Relevance

* Improved Field-Ageing Models & Understanding critical to
meeting increasing performance requirements

Heavy Heavy-Duty Emissions Regulations

Current Proposed ‘27 Proposed ‘31
CARB/EPA CARB CARB

Useful Life (miles,hr) Useful Life (miles,hr)  Useful Life (miles,hr)

435,000 (10yr, 22k hr) 600,000 (11yr, 30k hr) 800,000 (12yr, 40k hr)

Rapidly Increasing Warranty & Useful-Life Demands

* Better catalyst performance allows engine to be optimized
for fuel efficiency

Heavy Trucks
& Buses,
26.5%

Motorcycles,
0.3%

On-Highway Petroleum Use

(Source: Transportation Energy Data Book)

>

2019 CLEERS Industry

Priorities Survey

Diesel Gas-
HD MD LD oline NG

AMOXx Avg.
Score

TWC .

PF 5.5-10
oc . . 45-55
«[@ @ @l ©
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PNA O O 2535
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* SCR top technology for Diesel

\- SCR Aging: #3 for all HDD tech. & topics/
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Low Temp. Emissions-Control Challenges Affect Multiple Platforms

250°C Current Unique emissions profiles =~ ORNL R&D porifolio spans wide range
150°C challenge -+ == catalyst technology require variety of catalyst of applications, technologies, size
Efficiency I:rqnge Emissions* formulations and systems scales, commercial readiness
Benefit* :i(°C k .
0 '2 0(500 )750 1000 o (?0/ 2?) 20 Catalysts Projects
LI LT ] coo [mmm— | N Low Temperature Emissions Control (ACE085))
Stoich. s H - e Discover new low T catalysts & traps )
SI .. (BTE-BTE; ) | i! W

% BTE, ., ¥ Hor q W ( CLEERS (ACE022) h

N1 o 10w 20% : PM*20 J Model new trap materials and aging effects
H oo on SCR catalysts Y
¥ HC ( Lean Gasoline Emissions Control (ACE033) A

NOX ; W SCR.’ CUQ] Develop pathways for lean gasoline engines

PM*20 fo meet emissions with minimum fuel penalty

(Chemis’rry & Control of Cold Start Emissions )

WMW'

H |
H |
B EE—
. H
gqﬁ, ! co/10 N\
ﬂ J i d e (ACE153)
CcDC i& - - ‘ox HCT N DOC Understand how exhaust chemistry impacts
-, | y J H H
ol e \ J device performance & design )
. H [Cummins Emissions Control CRADA (ACE032)
e gﬁ?g H co/10 Understand how aging affects properties
- HC Her PNA GOC land performance of SCR catalysts )
acy .. N - NO . -(
( ) o il X " HCT: hydrocarbon trap SCR: selective catalytic reduction
b4 ] L, |2 TWC: three-way catalyst CUC: CO/HC clean-up catalyst
0% 10%  20% O 250 500 750 1000 o 10 20 30 GOC: gasoline oxidation catalyst GPF: gasoline particulate filter
* . . . . DOC: diesel oxidation catalyst  DPF: diesel particulate filter
(efficiency and emissions at 2000 rpm, ~2 bar BMEP) LNT: lean NOXx trap PNA: passive NOx adsorber
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Background : Determine Kinetic Impacts of Field Ageing via
Transient-Response Cu-Redox Half-Cycle Analysis

170712, FA2b-2, 40kSV, 400C, 0.125L, DI Exp V5, aX3.dat

NRHe Slows 240

« SCR-on + SCR-on + At |+ SCR-on +n*At |+ Steady state SCR .fBase; RHC | OHC | SCR | OHCb
. I’RHC >> rOHC * rRHc SlOWS . I'RHC further SIOWS * I'RHC = I'OHC i ‘: {f | 20 i j { E 1
L R | | |
“'.al‘.lﬁ‘. NH ...6:|ﬁ. ’633. éaﬁ iy w’r : g“‘ B i M (04%2§0ppm) i E
N, i 8 i I P i !
S L ORI o) ¢ g el | |
o 72 o [ o [ o 2 8 *r ; i |
o ke \ - |
"o I 2 1 I I fl : : A L I I T‘” I J
[1] C.:u (a) 99. (b) .EE.. (c) ooghlou (d) &Wa | (f) 16 = 33_5ﬁme (mins)}o P = o
ol ¢ Cu-redox half-cycle rate imbalances induce Cl at SCR onset e Transient Cu-Redox Experimental Protocol
z? — RHC: Reduction Half Cycle — oxidized Cu (Cu") is reduced to Cu! — Individual & combined half cycles
— - Oxidati —Cu' I - _ _ _
> OHC: Oxidation Half Cycle — Cu' — Cu'" completing the cycle o Simple Kinetic Model developed
— Cl occurs when the RHC rate > OHC rate _ Reproduces experimental Cl trends
— Cl shape reflects on half-cycle kinetic parameters 250 £ Standard SCR |
A NO\NH3: 250\200
. . . . 200 T SV e-e-6-o-| ~-o-- NO\NH3: 200\200 |6 -4
e Use transient analysis to study SCR Field-Ageing Tuo ][]l & oW 5000
2 = --2-- NO\NH3: 100\200 [»—
— Kinetic impact on individual RHC & OHC %100 L | ;\/’::;:_f?n\:'j:ﬂ\jgfm{
— Insights: ageing process, better lab ageing, models, ... ol 2] o S S S —
0 Tttt Tt

[1] Partridge et al., Appl. Catl. B, V236, p195(2018). %% 0 025 fime ) 0.75 1
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FY 18-19

FY 19-20

%

Technical Approach

SCR Channe

1. Use Transient-Response Method to determine SCR kinetic parameters
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1.a Measure Cl transient shapes
— 5-Step Redox Protocol & spatiotemporal mapping

1.b Develop Cu-redox model

Johnson Matthey

Inspiring science, enhancing life

house capilaries;
ta reactor

170712, FA2b-2, 40kSV, 400C, 0.125L, DI Exp V5, aX3.dat

“[ Base RHC OHC SCR OHCb
Reaction = ‘
_ NO
ZH 4 NH; « ZNH, £ M
Z,Cu + ZNH, + NO — ZCu + 2ZH + N, + H,0 | & = f
Sl
Z,Cu + NH3 + NO — ZCu + ZH + N, + H,0 ::*4 E
ZCu + 0.250, + ZH — Z,Cu + 0.5H,0 i i it S ']
Time (min)
DeGreened HT-Aged Field Aged et
N [o]
RHC | OHC | RHC | OHC | RHC | OHC |~
E = 2
a o o
+Ng 2
A cu'
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FY 18-19

FY 19-20
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Technical Approach

1. Use Transient-Response Method to determine SCR kinetic parameters

1.a Measure Cl transient shapes
— 5-Step Redox Protocol & spatiotemporal mapping

1.b Develop Cu-redox model

1.c Fit RHC & OHC kinetic parameters
— Using data & Cu-redox model

Johnson Matthey

Inspiring science, enhancing life

Reaction

g8 R R
8 8

g B

ZH + NH; «» ZNH,

2 3
T

8 8 8
T

Z,Cu + ZNH, + NO — ZCu + 2ZH + N, + H,0

Concentration (ppm)

Z,Cu + NH3 + NO — ZCu + ZH + N, + H,0

5 3

ZCu + 0.250, + ZH — Z,Cu + 0.5H,0

It
340 345

33't;'ime(min)
DeGreened HT-Aged Field Aged seeazoses -
RHC | OHC | RHC | OHC | RHC | OHC |* °
E, 6.569 | 1.5E6 : 2
+Ng 2
A 70 30 e
. ()
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FY 18-19

FY 19-20
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Technical Approach

1. Use Transient-Response Method to determine SCR kinetic parameters

1.a Measure Cl transient shapes
— 5-Step Redox Protocol & spatiotemporal mapping

1.b Develop Cu-redox model
1.c Fit RHC & OHC kinetic parameters

— Using data & Cu-redox model

2. Baseline DeGreened catalyst kinetic parameters
— Steps1.a&1.b

Johnson Matthey

Inspiring science, enhancing life

Reaction

g8 R R
8 8

g B

ZH + NH; «» ZNH,

g 8

8 8 8
T

Z,Cu + ZNH, + NO — ZCu + 2ZH + N, + H,0

Concentration (ppm)

5 3

Wovudaeeeu @t
CHHHH 7/

DeGreened

Z,Cu + NH; + NO — ZCu 4+ ZH + N, + H,0 A
ZCu + 0.250, + ZH — Z,Cu + 0.5H,0 e & = =
Time (min)
DeGreened HT-Aged Field Aged T
RHC | OHC | RHC | OHC | RHC | OHC °
Eo | FY20 | FY20 | 6.5E9 | 1.5E6 Z
A [ Fy20 | Fy20 | 70 30 -~
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Technical Approach

1. Use Transient-Response Method to determine SCR kinetic parameters

1.a Measure Cl transient shapes
— 5-Step Redox Protocol & spatiotemporal mapping

FY 18-19

g8 R R
8 8

g B

Reaction

1.b Develop Cu-redox model ZH + NHy o ZNH,

g 8

8 8 8
T

Concentration (ppm)

1.c Fit RHC & OHC kinetic parameters [z cu 7znm, 1N0 = zcu s 2zzH TN, 75,0

— Using data & Cu-redox model Z;Cu + NH; + NO — ZCu + ZH + N + H,0 :ZA
ZCu + 02502 +ZH — ZZCU+OSH20 O [T

3

FY 19-20

It
335 340 345 38 355 360
Time (min)

2. Baseline DeGreened catalyst kinetic parameters DeGreened HT-Aged Field Aged et
— Steps1.a& 1.b RHC | OHC | RHC | OHC | RHC | OHC | °
Eo | FY20 | FY20 | 6.5E9 | 1.5E6 | FY20 | Fr2o | \® &)
3. Study how Field Ageing impacts kinetic parameters 3 :
o A | Fr2o | FY2o | 70 30 | FY20 | Fr20 cu
— RHC & OHC kinetic impacts vs. DeG values

— Pathways to improved durability and control

4. Study how Catalyst Formulation impacts kinetic parameters
— Mechanistic origin of formulation benefits
— Pathways to improved low-temperature aged performance

Wovudaeeeu @t
CHHHH 7/

DeGreened

V
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Transient-Response Reactor o) (o2 ) (o Back-Pressure

On/Off On/Off On/Off Regulator

e MicroReactor scale:
— ca. 1LPM total flow
— ca. 8-mm Dia x 25-mm Long cores
— Separate Powder-Bed leg

e Multiple flow switching:
— H20

— E.g., 0,, NO,, NH; (or other)
j | —— : Il SpaciMS |
e Designed for transient studies | e e—— B Inlet

— Heated switching valves

— Minimum dead-end runs

e Leg combiner Catalyst Core Leg Selector
— Minimized flow paths/volumes . Selected to FTIR . Core
) * Others to Vent * Powder
e Programmable unattended operation * Bypass

B 7 Characterization e
Greater throughput ~+ Reactor (TPR, etc

e Instrumentation
— SpaciMS for intra-catalyst

— FTIR outlet & inlet (via Bypass)

%OAK RIDGE
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Model Assumptions from HT-Aged Catalyst Characterization

4 N\ ) (o , ‘ ‘ ‘ ‘ , , , : ‘ N\
. NO NO + NH3 . | ZCuOH | chu
- T T T - 0 o H'ﬁ: HTA Model o
200 e 200 Ry —_— ) J
i \\,VM i Reducible Cu: Q] - ~ | “ow
i [ ——— 3 g 150 °
% | “ _ mmmmm‘un;mmm _ Catalyst _5500 —GOOC _0.1£ ng
€100 Temp. (°C) - z : .
g C':’ ——188C —650C ~700C £ 100 ° : 1
S 501 — 1 , © °
0 ¥ | rcome 722%8 1] —~750C —800C 02 ol °°° o ]
00 560 lObO tir]T.]Se;O((;) 20r00 25r00 3000 -=850C —SOPC ‘ DRIFTS [3] 03 69 o [2]
950 900 850 . un 1ln Zjﬂ 3‘0 4‘0 r;u slu 7|n slu s;o 1E|u 110
_ Reducible Cu : Q, insensitive to HTA ) | W efitimbe i) ) Aging Time at600°C ()
HTAgeing: ZCuOH + ZH — Z,Cu + H,0
(Hydrothermally Aged Cu-SSZ-13 catalyst) g 3
Steady State IlH, Coverage (" NH, TPD & Type-ll BET Isotherm )
. . . . 1 eak Bronsted aci 300 ; ; ; ; ;
Modeling assumptions & inputs follow: sites: ZNH,.NH, ' =
o Q., from NO+NH;, titration o 450°C = - '
— Insensitive to HTA 8 o8l Strong Bronsted |
. . . . E 05 acid sites: Z.NH
e Z,Cu is primary reducible Cu site after HTA S oal * \
e ), from NH; TPD =00 o
e o
e NH; stored only on Strong ZH sites >2450°C Mﬂ] —___ — 2] S
e Two RHC pathways considered at >450°C L7 Catalyst Temperature (°0) ) \_ Catalyst Temperature (°C)
— Surface (OZNH4) and gas-phase (yNH3) NH3 [1] ). Luo et al., 254t ACS Meeting, [2] Daya et al., Appl. Catl. B, V263, p118368 (2020).

Aug20-24, 2017, Washington, DC. [3] Luo et al., SAE 2015-01-1022.
TRANSPORTATION e J Johnson Matthey Approach & Progress
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Field-Ageing is Different from Hydrothermal Lab Ageing

(

250

S
S

150

NH3 [ppm]

100

200 250 300 350 400 450 500 550 600

HTA cannot reproduce Field Ageing

N [

\

|NH3 on Lewis-acid sites|

Normalized Reducible Cu on Hydrothermall Aged and Field Aged Samples

[ NH; on Bronsted-acid sites]
™~
HTA, 650°C — 100 hr
NH, capacity = 1.34 g/L NH3 TPD
(Courtesy : Di Wang)

Normalized Q,

Field Aged

o

1.00 1.00
I I 0.82

550°C-4h 650°C-50h Field Aged

NH, capacity = 1.31 g/L
v

Catalyst Temperature (°C)

Field Ageing results in Cu-site loss
* Some due to adsorbed Sulfur
* Thermal & Chemical DeS can
recover some lost Cu sites

- ~
DRIFT
> 70U ZCuOH

9¢Io ssoi

o
o
I

Absorbance (a.u.)

0.4+

Field Aged
650C10h HTA
! '—nbc

T T T T T T
860 880 900 920 940 960 980

Wavenumber (cm™)

ZCuOH — Z,Cu doesn’t hold for FA
* Field Ageing results in Cu-site loss

J

e Field Ageingis complex

— Many components contributions
— can be difficult to separate
— Not replicated by controlled lab ageing

e Many are studying Lab Ageing

&OAK RIDGE

National Laboratory

— Advancing imperfect understanding
— Many details yet to be understood

NATIONAL
TRANSPORTATION ' Johnson Matthey
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L * Both ZCuOH & Z,Cu generally lower
J

e Practical value in studying Field Ageing
— More relevant than Hydrothermal Ageing

— Properties can be characterized

— Use to reject ‘atypical’ field-aged samples

— Determine impacts on kinetic parameters

— Understand and untangle component ageing contributions

— Insights for improved Modeling & Lab Ageing

Approach & Progress




RHC Global-Kinetic Model

NH;+S & NH; — S Ry = kf1Cypz(1 = Onyz) — kp1Oypz  +<7—NH; adsorption & desorption
Cu™+NO+NH;-> Cu!+N, +2 H,0 R, = kpycOirOnu3Cho «—RHC
e RHC kinetic parameters from RHC-step experiments Global lumped parameters
— NO+NH; titration (zero O,) at three temperatures * 0, : Fractional Reducible-Cu sites

; e 0 : Fractional NH, coverage
— (2, from NO conversion NH3 3 g

— Ea and m from fitting * Qypyz : NH; site density
e (), :reducible Cu site density

— Initial NO consumption rate increase with temperature

s N
H L] m L]
e Parameters from experimental data; e.g. 67, : _NO | NO +NH; ‘
A 200 L T T Lﬂ T T
200} 200} E
Q \ .
= = = 150 Reducible Cu : Q,
8 150r S 150+ Xe]
s [ model 15 £ 100 Catalyst
© ——dat S
E 100 = % 100} g Temp (OC)
2 g S ~188C
S} s o 50r
8 o 0o —231C
> 50r 1 % 50} R 4 —257C [1]
. - . 0 r r r r r
Lo m: First order m : Second order 0 500 1000 1500 2000 2500 3000
0 1000 12000 3000 4000 % 1000 2000 3000 4000 \ time (s) )
time (s) time (s)
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SpCIﬁOfempOI’Cll ProgrQSSion Of RHC (using global NH; ads/desorption model)

NH,; Coverage at 188°C Reducible-Cu Coverage at 188°C Transient NO Distribution at 188°C
1 T T T T l —— T 205 T T
200+
o 08F 0.8+ 195
5 —10s | 8 i
e —4 Kz n
® 06F : 0 1 206 £ 190
-~ < —100 | O £
= %'\\ ——500 | © £ 185
© o —_— <
S 04f 2 q 1000/ S g4f S Ls0
3 & 1500 §
£ Ny ——4000 = 175
0.2- . 0.2~
170
O L 0 r r r r 165 _4000 r r r
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Fractional length Fractional length Fractional length

e RHC-Onset Transient (RHC only, no O,, no SCR)

. ] 200
— O3 builds as 6, is depleted 180
— Causes NO conversion profile to grow and decay = 160
— Creates a slow onset transients at Low-T & faster at High-T g140 Transient NO Distribution | a0
S 120} .
— Fast, step-like onset transients at >250°C (for case here) g 0 201
o ™
. § 80 Faster RHC onset at High-T '
e |Influences SCR-onset Cl due to RHC-OHC rate imbalances o 6o 0. &0, gradients sary similarly |
. . . ~ YNH3 Cu
— Little imbalance with slow RHC onset at Low-T — no Cl 401 _ Faster 0. depletion at High-T 1
L Cu
— Pronounced imbalance with faster RHC onset — Cl grows with T 22

— Consistent with FY19 work: C/ threshold & Cl grows with T 0 500 10001500 mi%(’(%) 2500 3000 3500 4000

%OAK RIDGE | 1o, o e J Johnson Matthey Approach & Progress
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Kinetic SCR Model Formulation & Redox Parameter Fitting

Reaction Rate Expression

ZH 4 NHs e ZNH, PNHsAdszn = KNHsadszu¥NHsO2zn€zi L N adsorption & desorption

INH;Deszy — KNHzDesyzy0zNH,zH

Z;Cu +ZNHy + NO = ZCu+ 2ZH + Na + H20 | rpycy, o, = Krucig,c,YN0OZ,cu0zvm, Qcu < T— RHC1 — Adsorbed NH,
Z;Cu + NHz + NO = ZCu + ZH + N3 + H,0 'RHC2z,cu = KRHC2z,c,YNOYNH307,cuflcu <— RHC2 — NH; gas

ZCu + 0.250, + ZH — Z,Cu + 0.5H,0 FoHC1zc, = KoHC1z¢, Y02 02cuBz10zcufcu T~ OHC

e Modeled in AVL BOOST

e Q. : Number density, Reducible-Cu sites
e Developed for HT-Aged Commercial Cu-S5Z-13 catalyst at >450°C e ZH : Bronsted-acid sites
— Other reactions at Lower-Temp; e.g. NH; storage on Cu sites e (), : Number density, ZH
— Low-Temp RHC example uses global NH; ads/desorption; a lumped site * ZNH, : strongly adsorbed NH,
| % Sodox KineticP t e Z,Cu: primary reducible Cu site after HTA
e Several parametersin |1 & 2 EaoX RINGLC -arameters :
P _ : ] Parameter Value Unit * ZCu:reduced Cu
— NH; ad/desorption, Q,, {2, ancr A 3 75E+11 1/s e NH, stored only on ZH sites >450°C
e Ea 70 [3]] kJ/mol e Two RHC pathways considered
e Redox params fitting A 6.53E+09 1/s
: RHC2 ¢ 70 [3] k3/mol
— Effluent SCR-on Cl transient Aa o [3] Jl /mo
S5E+ s
— Clis weakest at L=1 OHC Ea 30 K3/ mol [1] Daya et al., Appl. Catl. B, V263, p118368 (2020).
. . [2] Luo et al., J. Catal., V3448, p291-299 (2017).
— Expect better fits with CI at catalyst front [3] Paloucci et al., J. ACS, 138(18), 6028-6048 (2016).
% QAKRIDCE [1tre, @2 JM Yohmson Matthey Approach & Progress




SCR-Onset Tra n5|ent

«0S_ ZCu Axial Profile - 550°C NO Axial Profile - 550°C 200 _Inflection in NO - 550°C 1
o[ ZCu Inflection degrades — 180 | | A ,,:s i A GE—
1s-| along catalyst length 1 bl 1 " 1 RHC1 + OHC,: H " :
1a] ~N— ] 140 I A RS e ™ , RHC1
Cat-Front) g™ " B _ ;;“_,:::::‘_‘: [ =
2 %= RHC2+0HC s T |
e 2L =0.1 ] w 0| . T oo !
047 zZIL=0.5 [ 1 or NO Cl increasing 1 a0 Experlmep_tf____ - ;E; 04t : HC2
o2 z/L=0.9 ¥ Cat-Back 27 | along catalyst length ’ ol '_3”_9}_‘"_'3':'?_2_": _0_|'_|(_: & ol : oHe
0 20 40 e o) 60 80 100 0 20 40 fime (o) 60 80 100 0 20 40 _— 60 80 100 o 20 _m_T;ne_(s) 6o 80 100
e Experiments show Cl degrades along catalyst Redox Kinetic Parameters _
) ) _ Parameter Fit-1 Value Fit-2 Value Unit
— ZCu inflection follows this trend, but NO CI does not RHCLLA 3.75E+11 3.75E+11 1/s
. . . Ea 70 70 kJ / mol
e Model allows turning different reactions on & off e A 6.53E+09 6.53E+09 1/s
— RHC1+OHC shows onset Cl, while RHC2+OHC does not Ea /70 70 kJ /' mol
_ A 1.5E+06 3.26E+07 1/s
— OHC rate is equal or faster than RHC1 & RHC2 OHC 30 50 K3/ mol
= Will not produce onset RHC-OHC balancing and CI £~ B

= Suggests OHC rate is too fast Kinetic model demonstrated & exercised

. _ o e ZCu inflection trends follow Exp. observations
e Multiple solutions for the Redox Kinetic Parameters

_ Need more extensive SpaciMs database for fitting * Method for fitting kinetic params demonstrated

— More distinct Cl at catalyst front should help fit | * SpaciMs database should provide better results |
YOUKRIDCE e, g JM oimsen Matthey Approach & Progress




SCR Channe

Technical Approach

1. Use Transient-Response Method to determine SCR kinetic parameters sz ot
(o)) beteid
i . himcanls
o 1.a Measure Cl transient shapes e
> — 5-Step Redox Protocol & spatiotemporal mapping ] — R e 2 p—

5B
T

W8 o 8
o T T T T T T T
—L_l

8 8 8

Fruc = Kaue - [CU"] - [NO] - (emHs)ND = kpuc - [Cu'"] - [NO]
OHC: 2-Cu'(NH3s)2 + O2 + 2:NO —> 2- Cu"(OH)(NHs) + 2:N2 + 2-H,0

Concentration (ppm)

5 3

ronc = kone - [CU')? - [03] - [NO]

1.b Develop Cu-redox model RHC: Cu"(OH)(NHs) + 2:NHs + NO —> Cu'(NHs); + N + 2H,0 ol (NG M
f
[
f

Net Standard SCR: 4:-NO + 4:NH3 + O2 — 4:N; + 6-H20 b ! T 35 . ]
Time (min)
DeGreened HT-Aged Field Aged seeazoses -
RHC | OHC | RHC | OHC | RHC | OHC |* °
o [}
E, 2 H
+Ng 2
A ’ cu'
¢ (a)
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FY 18-19

FY 19-20
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Technical Approach

1. Use Transient-Response Method to determine SCR kinetic parameters

1.a Measure Cl transient shapes
— 5-Step Redox Protocol & spatiotemporal mapping

1.b Develop Cu-redox model

1.c Fit RHC & OHC kinetic parameters
— Using data & Cu-redox model

Johnson Matthey

Inspiring science, enhancing life

Reaction

g8 R R
8 8

g B

ZH + NH; «» ZNH,

2 3
T

8 8 8
T

Z,Cu + ZNH, + NO — ZCu + 2ZH + N, + H,0

Concentration (ppm)

Z,Cu + NH3 + NO — ZCu + ZH + N, + H,0

5 3

ZCu + 0.250, + ZH — Z,Cu + 0.5H,0

It
340 345

33't;'ime(min)
DeGreened HT-Aged Field Aged seeazoses -
RHC | OHC | RHC | OHC | RHC | OHC |* °
E, 6.569 | 1.5E6 : 2
+Ng 2
A 70 30 e
. ()

Approach & Progress




Technical Approach

1.a Measure Cl transient shapes

— 5-Step Redox Protocol & spatiotemporal mapping

FY 18-19

Reaction

g8 R R
8 8

g B

1.b Develop Cu-redox model

ZH + NH; «» ZNH,

g 8

8 8 8
T

1.c Fit RHC & OHC kinetic parameters

Z,Cu + ZNH, + NO — ZCu + 2ZH + N, + H,0

Concentration (ppm)

FY 19-20

— Using data & Cu-redox model

Z,Cu + NH3 + NO — ZCu + ZH + N, + H,0

5 3

ZCu + 0.250, + ZH — Z,Cu + 0.5H,0

1. Use Transient-Response Method to determine SCR kinetic parameters

2. Baseline DeGreened catalyst kinetic parameters
— Steps1.a&1.b

335
Time (min)

It
340

(T T pepwpepes

DeGreened

(subject to change based on funding

[ DeGreened HT-Aged Field Aged g
RHC | OHC | RHC | OHC | RHC | OHC |* °
Eo | FY20 | FY20 | 6.5E9 | 1.5E6 5 -
+Ng 2
A 1 Fr20 | FY20 | 70 | 30 T
A v a (a)

Johnson Matthey

Inspiring science, enhancing life
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FY 18-19

Technical Approach

1. Use Transient-Response Method to determine SCR kinetic parameters

FY 19-20

V
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1.a Measure Cl transient shapes
— 5-Step Redox Protocol & spatiotemporal mapping

1.b Develop Cu-redox model

1.c Fit RHC & OHC kinetic parameters
— Using data & Cu-redox model

2. Baseline DeGreened catalyst kinetic parameters
— Steps1.a&1.b

3. Study how Field Ageing impacts kinetic parameters
— RHC & OHC kinetic impacts vs. DeG values
— Pathways to improved durability and control

Johnson Matthey

Inspiring science, enhancing life

Reaction

g8 R R
8 8

g B

ZH + NH; «» ZNH,

g 8

Z,Cu + ZNH, + NO — ZCu + 2ZH + N, + H,0

Concentration (ppm)

Z,Cu + NH3 + NO — ZCu + ZH + N, + H,0

5 3

8 8 8
T

ZCu + 0.250, + ZH — Z,Cu + 0.5H,0

335
Time (min)

It
340

?DeGreened HT-Aged [ Field Aged )
RHC | OHC | RHC | OHC | RHC | OHC
Ea | Fy20 | Fy20 | 6.5E9 | 1.5E6 | FY20 | FY20
A | Fr20| Fy20 | 70 30 | FY2o | Fr2o
A

4. Study how Catalyst Formulation impacts kinetic parameters
— Mechanistic origin of formulation benefits
— Pathways to improved low-temperature aged performance

Wovudaeeeu @t
CHHHH 7/

DeGreened

Low-Temp Formu

(subict to change based on funding

Cu NH,

H
RHC

Future Work
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Remaining Challenges & Future Work

Remaining Challenges:

Future Work: (subject to change based on funding)

* Availability of transient reactor

%
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* Complete reactor build, characterization, & commissioning

* Develop automated control

Future Work




Remaining Challenges & Future Work

Remaining Challenges: Future Work: (subject to change based on funding)

* Availability of transient reactor Complete reactor build, characterization, & commissioning

Develop automated control

SpaciMS with 5-Step Redox Protocol experiments
Fit RHC & OHC kinetic parameters using kinetic model
Assess parameter changes vs. DeGreened catalyst

* Kinetic impact of Field Ageing
SEEEen [ DeGreened | Field Aged
RHC | OHC

FY20 | FY20
FY20

RHC | OHC
FY20 | FY20

FY20 J{ FY20 | FY20

OAK RIDGE | ya1ona. Johnson Matthe
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Remaining Challenges & Future Work

Remaining Challenges: Future Work: (subject to change based on funding)

* Availability of transient reactor Complete reactor build, characterization, & commissioning

Develop automated control

SpaciMS with 5-Step Redox Protocol experiments

. Klnetlc impact of Field Ageing

Field Aged
RHC | OHC

FY20 | FY20
FY20 | FY20

DeGreened
RHC | OHC

E, | FY20 | FY20
FY20 | FY20

Fit RHC & OHC kinetic parameters using kinetic model

Assess parameter changes vs. DeGreened catalyst

 Kinetic origins of improved performance ° Implement Transient Response Methodology
with Low-Temperature formulations

- Experimental Protocol & Model Fitting

FY 21

OAK RIDGE | vamonal
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Remaining Challenges & Future Work

Remaining Challenges: Future Work: (subject to change based on funding)

* Availability of transient reactor * Complete reactor build, characterization, & commissioning
* Develop automated control

. Klnetlc impact of Field Ageing * SpaciMS with 5-Step Redox Protocol experiments
I DeGreened | Field Aged o [i . . . . .
hc T onc I rac Tonc Fit RHC & OHC kinetic parameters using kinetic model

FY20 | FY20 * Assess parameter changes vs. DeGreened catalyst
FY20 | FY20

E, | FY20 | FY20
FY20 | FY20

 Kinetic origins of improved performance Implement Transient Response Methodology

= with Low-Temperature formulations — Experimental Protocol & Model Fitting
=2
o -
3| * Improved SCR Real-World Durability * Integrate knowledge and results
'g Hea Dut Emissins Rea“ - Improved field-ageing models
urrent rojected 26/’ . ..
(@ —
= CARB/EPA = Improved experimental characterization methods
= Useful Life (miles) Useful Life (miles) - Methods for synthetic/lab field ageing
';_' 435,000 1,200,000 - Methods for catalyst-state assessments
- Solution Pathway > ~ Tools for improved design, control and diagnosing
X QUK RIDCE | e & JM ghnson Matthey Future Work




Summary

e Relevance
— Focus is on kinetic origin of low-temperature performance and field aged SCR catalysts
— Project work enables improved catalyst knowledge, models, design, OBD & control
— Advances DOE goals for improved fuel economy, durability, & real-world emissions

e Approach
— Apply experimental protocol to probe transient response of Cu-redox half-cycle steps
— Develop and apply model to fit Cu-redox half-cycle kinetic parameters
— Study kinetic impacts of low-temperature formulations and field-aged catalysts

i 3

e Technical Accomplishments

— Built Transient Reactor developed for 5-Step Redox Protocol data
— Developed Detailed RHC-OHC redox model
— Demonstrated method for fitting RHC & OHC kinetic parameters

e Collaborations
— Johnson Matthey incorporated as project and CRADA participant
— Communicate with community via presentations & publications

e Future Work (Any proposed future work is subject to change based on funding levels)
— Determine impact of field-ageing on kinetics of commercial Cu-SSZ-13 SCR catalyst
— Determine kinetic origins of performance for low-temperature formulations
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Technical Back-Up Slides
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otivation — Tallpipe NO, and Durability Requirements

Future Application Challenges

GHG Reduction

Engine efficiency

Real World 90%NOx
Add heat/CDA/ bypass

Electrification Sustained LT Overall approach to meet these challenges
Fuel type 2024+ Cold start Includes
Challenge a) Adaptable Caontraols
<m understanding and modeling

of real world aging

./

Emission Warranty Extension c¢) Improved Component durability (higher
resistance to real world aging)
HD 5Y 350K miles 14Y 800K miles
MD SY 150K miles 14Y 400K miles

NATIONAL
TRANSPORTATION
RESEARCH CENTER
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Modeling the change in NH5;-TPD with hydrothermal
aging

= NH;-TPD experiments indicate a monotonic decrease in high temperature peak and increase in low
temperature peak with increased aging

» This behavior was modeled with:
a) Fixed turnover rates (identified previously)

b) Increased NH,; storage ability on Copper sites with aging

c) Decreased number density of Brgnsted acid sites with aging

300
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550°C Cu-SSZ-13 NH3 TPD Comparison

T
550°C-4h Exp
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600°C Cu-SSZ-13 NH3 TPD Comparison
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Luo, J., Gao, F., Kamasamudram, K., Currier, N., Peden, C. H., & Yezerefts, A.
(2017). New insights intfo Cu/SSZ-13 SCR catalyst acidity. Part I: Nature of acidic

sites probed by NH 3 titration. Journal of Catalysis, 348, 291-299.



Tracking Storage Capacity on Copper Sites and
Number Density of Brgnsted Acid Sites

= |ncrease in NH; storage on copper sites is linearly related to the loss of Brgnsted acid sites

* The loss of Brgnsted acid sites with aging is used to develop a constitutive relationship for the
evolution of these sites, yielding the hydrothermal aging equation
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Hydrothermal Aging Equation

= Alinear relationship is found between the inverse Brgnsted acid site density and aging time,

implying a second order Arrhenius rate. The rate constant and activation energy are derived
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Luo, J., Kamasamudram, K., Currier, N., & Yezerets, A. (2018). NH3-TPD methodology for quantifying

hydrothermal aging of Cu/SSZ-13 SCR catalysts. Chemical Engineering Science, 190, 60-67.
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Impact of HTA on Brgnsted Acid Sites

H-SSZ-13 NH3 TPD at 550°C-4h
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H-SSZ-13 NH; TPD data gives Brgnsted
acid site storage kinetics

Adsorption Thermodynamics for NH; Storage on Individual Active Sites
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Impact of HTA on Copper Sites

DRFITS and EPR estimated Cu site quantification shows:
a) Monotonic decrease in number of ZCuOH sites with increased HTA temperature

b) Increase in number of Z,Cu sites with increased HTA temperature up to 750°C
c) Decrease in number of Z,Cu sites upon severe HTA at an aging temperature = 750°C
d) Increase in number of CuO, sites upon severe HTA at an aging temperature = 750°C

%

ZCuOH

DRIFTS

Wavenumber [cm™']

- 0
5
018
=550C =600C =
X
—=650C —700C
-0.2
~750C —800C
—850C —900C ZZCU
: : -0.3
950 900 850

-=Cu at 900cm-1 (b)
-0-Cu at 960cm-1 e -
] < E N
—_ y em
3 =’
& <
2
= e
e
Q
=
*------ >
) >
s g -
500 600 700 800 900

Aging temperature [°C]

Figure 9. (cont.) (a) DRIFTS spectra of Cu-SSZ-13 in the perturbed T-O-T

region; (b) Peak intensity at 900 and 950 cm

Luo, J., An, H., Kamasamudram, K., Currier, N., Yezerets, A., Watkins, T., & Allard, L. (2015).
Impact of Accelerated Hydrothermal Aging on Structure and Performance of Cu-SSZ-13 SCR
Catalysts. SAE International Journal of Engines, 8(3), 1181-1186.
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Song, J., Wang, Y., Walter, E. D., Washton, N. M., Mei, D., Kovarik, L., ... & Gao, F. (2017).
Toward rational design of Cu/SSZ-13 selective catalytic reduction catalysts: implications from
atomic-level understanding of hydrothermal stability. ACS Catalysis, 7(12), 8214-8227.




Experimental Evidence for Conversion Inflection
on Aged Cu-SSZ-13

Commercial Cu-SSZ-13 catalyst shows conversion inflection at the onset of SCR during step-2 of the 4-step
protocol [5] at high SV for temperatures = 500°C

200
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Step-1
200 ppm NO + 10% O,

Age : 700°C-60h
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Cell Geometry : 300/5
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550°C - Exp

500°C - Exp | |

Step-2
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0
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[5] Kamasamudram, K., Currier, N. W., Chen, X., & Yezerets, A. (2010). Overview of the practically
important behaviors of zeolite-based urea-SCR catalysts, using compact experimental

protocol. Catalysis Today, 151(3-4), 212-222.
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Kinetic Model Parameters — Site Densities

The kinetics for NH, storage on Bronsted acid sites were the same as the published results in [2]

The number density of Bronsted acid sites (Qzy = 8.91 mol/m3,,) in the oxidized catalyst was identified
based on the minor high temperature NH; release peak during TPD experiments [2]

The number density of reducible Copper sites was estimated from NO+NH, titration experiments on a
degreened catalyst (Q¢, = 238 mol/m3,,.) . It has been shown that is value is insensitive to hydrothermal
age, and therefore the same value was used for the 700°C-60h aged catalyst

NH, TPD on 700°C-60h Aged Cu-SSZ-13 NO + NH, Titration on 650°C-5h Aged Cu-SSZ-13 Impact of HTA on NO + NH, Titration
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| 103 |
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Model Results — NO Conversion Axial Profile

NO Conversion Axial Profile - 450°C

NO Conversion Axial Profile - 550°C NO Conversion Axial Profile - 500°C
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Model Results — ZCu Axial Profile

10 ZCu Axial Profile - 550°C , x10° ZCu Axial Profile - 500°C , x10° ZCu Axial Profile - 450°C
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Model Results — ZNH, Axial Profile

ZNH4 Axial Profile - 450°C

) ZNH , Axial Profile - 550°C ZNH , Axial Profile - 500°C
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.l and RHC1
§ o5 - This inflection in ZNH, coverage leads to
= 7 an inflection in NO consumption
o—— ] « ZNH, coverage decreases with increase in
, 02 ” 0 vs , catalyst temperature due to desorption of
z/L NH3
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Model Results — RHC Axial Profile

 Inflection in RHC caused by ZNH, coverage, while minor inflection in RHC2 associated with ZCu coverage

RHC1 Axial Profile -550°C , RHC1 Axial Profile - 500°C ) RHC1 Axial Profile - 450°C
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Model Results — OHC Axial Profile

« OHC rate decreases along the length of the catalyst, due to drop in ZCu coverage axially

» Minor inflection at onset of SCR observed in OHC at 550°C due to the maximum in ZCu coverage
associated with imbalance of RHC and OHC rates

s OHC Axial Profile - 550°C
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OHC Axial Profile - 500°C
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Model Results — Influence of Individual RHC
Reactions

Inflection in NO - 550°C Inflection in NO - 500°C Inflection in NO - 450°C
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» Kinetic model was simulated with turning off RHC2 (RHC1 + OHC only) and turning off RHC1 (RHC2 +
OHC only)

 Interestingly, the inflection observed with RHC1 + OHC is significant at all temperatures. The influence of
RHC2 appears to dampen this inflection, such that the combined model only shows this behavior at the
highest temperature (550°C)
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